1. Introduction {#s0005}
===============

The ongoing global pandemic of Coronavirus Disease-2019 (COVID-19) has rapidly spread with globally over 3.7 million confirmed cases and over 259,000 total deaths as of May 5, 2020 [@b0005]. Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV-2), the cause of COVID-19, is highly contagious and can result in significant mortality among susceptible individuals with comorbidities. Acute symptoms and signs of SARS-CoV-2 infection are highly nonspecific and include fever, cough, fatigue, myalgia, and dyspnea with some patients progressing to pneumonia [@b0010], [@b0015], [@b0020]. However some other individuals are asymptomatic carriers [@b0025], [@b0030], [@b0035]. These characteristics of the disease create an urgent need to develop serological tests to identify asymptomatic silent infections, evaluate patient immune response, better predict disease progression and improve our understanding of the epidemiology, including transmission patterns, of SARS-CoV-2. Serological testing could also play an important role for de-isolation procedures [@b0040] and implementation of convalescent plasma therapy for ill COVID-19 patients [@b0045], [@b0050].

Throughout the COVID pandemic, a wide variety of serological tests have entered the global market, including, but not limited to, colloidal gold immunochromatographic assays, magnetic chemiluminescent immunoassays, enzyme-linked immunosorbent assays (ELISA), and rapid test cassettes and dipsticks [@b0020], [@b0055], [@b0060]. Due to the growing public health emergency and in an effort to facilitate rapid expansion of testing capacity, the United States Food and Drug Administration (FDA) issued a policy on mid-March 2020 [@b0065] and a revised policy in early May [@b0070], allowing for the development of COVID-19 diagnostic testing in the clinical health care and commercial settings through the Emergency Use Authorization (EUA) program. Over 100 manufacturers have notified the FDA that they are offering or plan to offer serological tests in the United States, but as yet only 12 assays have received EUA clearance [@b0075]. Furthermore, there has been a lack of rigorous validation and performance evaluation of the available serological assays in COVID-19 negative and positive populations as well as a lack of thorough comparison between different serological testing platforms. Such data are urgently needed to evaluate the clinical utility and also the limitations of serological tests, as there has been significant controversy over the diagnostic and prognostic value of antibody testing. In addition, the potential role of serological antibody testing in epidemiological studies and in the accurate identification of convalescent plasma donors for COVID-19 patients is not known.

As a collaborative effort between Weill Cornell Medicine (WCM) and Wadsworth Center at the New York State Department of Health (NYS DOH), this study aimed to perform rigorous evaluation of two semi-quantitative SARC-CoV-2 serological tests \[cyclic enhanced fluorescence assay (CEFA) and microsphere immunoassay (MIA, FDA EUA approved)\] and characterize antibody responses in emergency department (ED), hospitalized and convalescent patients during the COVID-19 outbreak in New York City, the current epicenter in the US of the COVID-19 pandemic.

2. Materials and methods {#s0010}
========================

2.1. Sources of specimen and data acquisition {#s0015}
---------------------------------------------

This study was approved by the Institutional Review Board (\#20-03021671) of Weill Cornell Medicine (site 1). The testing at Wadsworth Center at the New York State Department of Health (NYS DOH) (site 2) is waived for public health purposes.

Different cohorts of patient serum samples were included in this study for evaluating analytical and clinical performance of the two assays. A chart of patients and samples used in this study is shown in [Fig. 1](#f0005){ref-type="fig"} .Fig. 1Chart of numbers of patients and samples used in the study.

2.2. Samples for testing assay specificity (independent cohorts) {#s0020}
----------------------------------------------------------------

Serum specimens (n = 320), collected from the pre-COVID 19 ED patients in July 2019, were tested to validate the specificity of the CEFA assay. Serum from 256 pre-COVID-19 healthy blood donors collected before 2019 were used to validate the specificity of the MIA assay.

2.3. Samples for testing assay cross-reactivity {#s0025}
-----------------------------------------------

Thirty sera from patients treated for recent non-COVID-19 respiratory infections (including 8 Coronavirus NL63, 2 Coronavirus 229E, and 2 Coronavirus OC43) and 78 serum samples from patients with antibodies to known microbial agents or with autoantigens were tested to validate the cross-reactivity of the MIA assay. Additional serum samples from patients who tested positive for one of the respiratory viruses in the Respiratory Pathogen PCR Panel (RPP) (including 2 Coronavirus NL63, 2 Coronavirus 229E, and 1 Coronavirus OC43) but negative for SARS-CoV-2 RT-PCR were analyzed by both CEFA (N = 16) and MIA (N = 15) methods ([Supplemental table 1](#s0115){ref-type="sec"}).

2.4. ED and hospitalized patients {#s0030}
---------------------------------

A total 165 remnant serum samples from 87 patients presenting to site 1 ED from March 6 to April 4, 2020, displaying signs and symptoms suspicious for COVID-19, were evaluated. Among them, 42 patients were SARS-CoV-2 infected and 45 were uninfected patients, as determined by RT-PCR (Altona Diagnostics USA, Inc., Plain City, OH) at site 1. Twenty-eight COVID-19 positive patients had more than one remnant sample available for serial antibody testing. Patient demographics, medical history and care notes from the ED visit during which SARS-CoV-2 RT-PCR testing was performed and pertinent subsequent hospital admissions, noting admission to an intensive care unit (ICU) with or without intubation, were queried within the electronic medical record.

2.5. Convalescent patients {#s0035}
--------------------------

The convalescent serum samples were from 145 patients who tested positive by SARS-CoV-2 RT-PCR or had a COVID-19-like illness but had not undergone SARS-CoV-2 RT-PCR testing. Based on patients' self-description, they had been symptom free for at least 14 days.

2.6. SARS-CoV-2 IgM and IgG cyclic enhanced fluorescence assay (CEFA) {#s0040}
---------------------------------------------------------------------

The IgM and IgG antibodies against SARS-CoV-2 in serum were measured using the Pylon COVID-19 IgM and IgG assays on the Pylon 3D analyzer ([@b0080], ET HealthCare, Palo Alto, CA). The antigen for the CEFA method is the S-Receptor Binding Domain (RBD) and recombinant Nucleocapsid Protein (NP). IgM and IgG were tested on different unitized test strips containing wells with pre-dispensed reagents. \[Additional methodology described in [supplemental material](#s0115){ref-type="sec"}\]. The assay is calibrated every month or when a new lot of unitized test strips and reagents are received. High and low QC materials provided by the manufacturer and positive and negative patient samples are run on a daily basis when patient samples are tested.

2.7. NYS DOH SARS-CoV microsphere immunoassay (MIA) assay {#s0045}
---------------------------------------------------------

This assay has received US FDA EUA clearance. Specimens were assessed for the presence of total antibody using the SARS-CoV-2 MIA. Antigen for the MIA method is the recombinant SARS-CoV-2 NP. Analysis was performed using a Luminex 100 Analyzer (Luminex Corporation, Austin, TX. \[Additional methodology described in [supplemental material](#s0115){ref-type="sec"}\]. Positive and negative patient samples are run on a daily basis when patient samples are tested.

2.8. Cut off values {#s0050}
-------------------

The cut off values of both methods were determined by mean of non-COVID-19 samples plus 6 Standard Deviation (SD). The index value (IV) was determined by the instrument readout of the test sample divided by instrument readout at cut off. An indeterminate IV was mean (of IgG for CEFA and total antibodies for MIA, respectively) plus 3SD divided by the instrument readout at cut off. Samples with an IV ≥ 1 and 1.78 were designated as positive for CEFA and MIA, respectively.

2.9. Imprecision and reproducibility {#s0055}
------------------------------------

For the CEFA method, high and low levels of IgM and IgG QC, respectively, were run on 20 days. Mean, SD, CV were calculated. Six patient samples with negative, indeterminate, and positive (low, medium and high levels) IgM and IgG were run on five consecutive days. For the MIA method, mean, SD, CV were calculated for positive and negative QC which were run on 30 days.

2.10. SARS-CoV-2 RT-PCR and respiratory Pathogen PCR panel (RPP) {#s0060}
----------------------------------------------------------------

SARS-CoV-2 RT-PCR assay was performed using the RealStar SARS-CoV-2 RT-PCR kit 1.0 (Altona Diagnostics USA, Inc., Plain City, OH), which qualitatively detects SARS-CoV-2 RNA extracted from nasopharyngeal swab specimens. Respiratory Pathogen 2 PCR (RPP) was performed using the FilmArray Respiratory Pathogen 2 Panel (BioFire Diagnostics, LLC, Salt Lake City, UT) for the simultaneous qualitative detection and identification of multiple respiratory viruses and bacteria. \[Additional information provided in [supplemental material](#s0115){ref-type="sec"}\].

2.11. Statistical analysis {#s0065}
--------------------------

Data are presented as mean ± SD or median with interquartile range (IQR) for continuous variables, and proportion for categorical variables. Fisher's exact test; *t*-test (equal variances) or Wilcoxon Rank-sum test were used for hypothesis testing. Ninety-five percent (95%) confidence interval (95%) of rates were calculated based on exact binomial distribution. The differences of antibody levels between groups were estimated and compared by Generalized Estimating Equations (GEE) model with log10-transformed raw fluorescence reading. p-values \< 0.05 were considered significant. The degree of agreement between test methods was quantified by Kappa statistics. The dilution study was evaluated by linear regression. Analyses were performed in statistical software SAS Version 9.4 (SAS Institute, Cary, NC) or GraphPad Prism Version 8.4.1 (GraphPad Software, La Jolla, CA).

3. Results {#s0070}
==========

3.1. ED and hospitalized patient demographics {#s0075}
---------------------------------------------

The demographic and clinical characteristics of 42 COVID-19 RT-PCR positive patients and 45 negative patients are summarized in [Table 1](#t0005){ref-type="table"} . The demographics did not vary significantly between the COVID-19 positive and negative patients in terms of age, race/ethnicity or major comorbidities. Of those patients admitted to the hospital, none of the COVID-19 negative patients required ICU care or intubation. In comparison, 54.8% and 57.1% of the COVID-19 positive patients required ICU care or intubation, respectively.Table 1ED and hospitalized patient Demographics, Negative COVID-19 versus Positive COVID-19 by RT-PCR.DemographicTotal (n = 87)Negative (n = 45)Positive (n = 42)*p*-valueMean Age, in years (SD)54.7 (18.56)53.0 (20.7)56.5 (16.0)0.3922Female/Male, n (%)30/57 (34.5/65.5)21/24 (46.7/53.3)9/33 (21.4/78.6)0.0232\*Comorbidities, any below, n (%)47 (55.3)23 (51.1)24 (64.9)0.2640Hypertension41 (47.1)20 (44.4)21 (50.0)0.6700Diabetes15 (17.2)5 (11.1)10 (23.8)0.1579Hyperlipidemia27 (31.0)11 (24.4)16 (38.1)0.1352CHF6 (6.9)4 (8.9)2 (4.8)0.6774CAD11 (22)4 (23.5)7 (21.2)1.0000Asthma11 (12.6)7 (15.6)4 (9.5)0.5237COPD7 (8.0)5 (11.1)2 (4.8)0.6774Race/Ethnicity, n (%)Caucasian/White43 (49.4)24 (53.3)19 (45.2)0.3842African- American/Black9 (11.0)4 (8.9)5 (13.5)0.7247Asian5 (6.1)4 (8.9)1 (2.7)0.6863Unknown/Declined15 (17.2)7 (15.6)78 (19.0)0.5707Other10 (11.5)3 (6.7)7 (16.7)0.2871Hispanic5 (5.7)3 (6.7)2 (4.8)0.6230Mean Emergency severity index (SD)2.9 (0.39)2.9 (0.29)2.8 (0.45)0.1635Fever at ED visit, n (%)39 (44.8)17 (37.8)22 (52.4)0.2375Mean Lymphocyte in ED, x10^3^/mL (SD)2.62 (13.3)1.39 (0.75)3.93 (19.6)0.3766Mean Neutrophil in ED, x10^3^/mL (SD)5.50 (4.24)5.21 (3.89)5.81 (4.62)0.5139Discharged Home from ED, n (%)21 (24.1)17 (37.8)4 (9.5)0.0025\*Mean, SpO2 % (SD)95.0 (14)97.0 (2)90.0 (19)0.0191\*Given O~2~ in ED, n (%)32 (36.8)7 (15.6)25 (59.5)0.0001\*ICU Admission, n (%)23 (26.4)0 (0.0)23 (54.8)\<0.0001\*Intubated, n (%)24 (27.6)0 (0.0)24 (57.1)\<0.0001\*

3.2. Performance of the CEFA and MIA methods {#s0080}
--------------------------------------------

For the CEFA method, 20-day precision of IgM high QC (IV = 13.8), IgM low QC (IV = 0.3), IgG high QC (IV = 134.0), and IgG low QC (IV = 0.7) yielded CVs of 13.3%, 13.6%, 5.6% and 19.8%, respectively. In addition, antibody detectability remained the same for six patients on five consecutive days. Analysis from 320 pre-COVID-19 samples revealed specificity of 99.4% and 98.8% for IgM and IgG, respectively. Furthermore, one patient who (among the 16 patients positive for one of the respiratory viruses in the RPP panel) was human metapneumovirus positive, but negative for SARS-CoV-2 RNA, was found to have SARS-CoV-2 IgM and IgG antibodies ([Supplemental table 1](#s0115){ref-type="sec"}).

For the MIA method, 30-day precision of positive and negative QC was determined to be 7.7% and 14.9%, respectively. Within-assay reproducibility was assessed over a range of values and the CV ranged from 2.4 to 6% for the positive samples and 9.6% for the negative sample. Specificity, determined from 256 pre-COVID-19 healthy donors, was 99.2%. The specificity was 100% based on evaluation of 30 specimens from patients treated for recent non-COVID-19 respiratory infections, 78 serum specimens with antibodies to known microbial agents or autoantigens, and 15 serum samples from patients positive for one of the respiratory viruses in the RPP panel.

A total of 302 samples from ED, subsequently hospitalized and convalescent patients were compared between the two methods. The overall agreement was 94.5% if indeterminate results were excluded (Kappa = 0.89 \[95%CI: 0.84--0.94\]), and 90.4% (Kappa = 0.81 \[95%CI: 0.74--0.87\]), if indeterminate results were counted as negative, as shown in [Table 2](#t0010){ref-type="table"} .Table 2Agreement between two immunoassay methods based on total antibody detection.Total \# of samples with both Pylon and ELISA results:302 samplesSite 2 Luminex MIASite 1 Pylon CEFAPositiveNegativeIndeterminatePositive1391011Negative51195Indeterminate391Agreement between Pylon CEFA and Luminex MIA: 94.5% (excluding indeterminate results) (Kappa = 0.89, 95% CI: 0.84--0.94); 90.4% (indeterminate counted as negative) (Kappa = 0.81, 95% CI: 0.74--0.87). Kappa between 0.81 and 1.00: Almost perfect agreement.

3.3. Clinical utility assessment of the antibody testing {#s0085}
--------------------------------------------------------

1.**Antibody testing in patients during their ED visit**

CEFA and MIA had detection rates of 26.2% (95%CI: 15.3--41.1%) and 26.3% (95%CI: 15.0--42%), respectively (p \> 0.05), when patients first presented to the ED and tested COVID-19 positive by RT-PCR (number of days since any symptom onset: mean = 6.5, 95%CI: 5.18--7.73).2.**Longitudinal change of IgM and IgG in the hospitalized patients**

We investigated 42 ED patients (120 samples by CEFA and 114 samples by MIA), in which 28 patients (106 samples by CEFA and 100 samples by MIA) were subsequently admitted. The detection rates of IgM, IgG, or both at different times after symptom onset are shown in [Table 3](#t0015){ref-type="table"} . Only 25% (CEFA, 95% CI: 4.4--59.1%) and 14.3% (MIA, 95% CI: 0.7--51.3%) of the samples in early phase (0--3 days after symptom onset) were antibody positive, however the detection rate increased to 69.0% (CEFA, 95% CI:53.8--80.9) and 65.0% (MIA, 95% CI: 49.5--77.9%) during days 8--14, 93.3% (95% CI:70.2--99.7%) during days 15--20, and finally reached 100% (CEFA 95% CI: 84.5--100.0%, MIA 95% CI: 83.2--100.0%) in samples that were obtained more than 21 days after symptom onset. The sensitivities of the two methods were not significantly different during any time frame.Table 3Sensitivities of CEFA and MIA to detect IgM, IgG and total antibodies.MethodsDays after any symptom onset0--34--78--1415--2021--32Over 32**Pylon CEFANumber of samples**[\*](#tblfn1){ref-type="table-fn"}8334215211**IgM positive**152313190**IgG positive**262813211**IgG and IgM positive**142212190**Total positive**272914211**Sensitivity %**\
**(95% CI)**25.0\
(4.4--59.1)21.2\
(10.7--37.8)69.0\
(53.8--80.9)93.3\
(70.2--99.7)100.0\
(84.5--100.0)100.0\
(5.1--100.0)**Luminex MIANumber of samples**[\*](#tblfn1){ref-type="table-fn"}7324015191**Total positive**182614191**Sensitivity %**\
**(95% CI)**14.3\
(0.7--51.3)25.0\
(13.3--42.1)65.0\
(49.5--77.9)93.3\
(70.2--99.7)100.0\
(83.2--100.0)100.0\
(5.1--100.0)[^2][^3]

The plot of index values (log10 scale) and a simulated trending curve of IgM/IgG and total antibody are shown in [Fig. 2](#f0010){ref-type="fig"} a and b, respectively. Overall, IgM (CEFA, [Fig. 2](#f0010){ref-type="fig"}a) reached peak levels between days 10 and 20 after symptom onset and declined afterwards. IgG (CEFA, [Fig. 2](#f0010){ref-type="fig"}a) and total antibody (MIA, [Fig. 2](#f0010){ref-type="fig"}b) reached a peak in a similar time frame as IgM but then plateaued. The comparison of the slope utilizing the GEE method revealed the rate of change of IgM IV (log10 scale) is significantly slower than that of IgG (p \< 0.0001, [Fig. 2](#f0010){ref-type="fig"}c). The changing rate of total antibody is shown in [Fig. 2](#f0010){ref-type="fig"}d.Fig. 2Antibody index values (log10 scale) of samples from 42 SARS2-CoV RT-PCR positive patients measured by CEFA and MIA methods over time. Each antibody level measured by CEFA (a) and total antibody level measured by MIA (b) was plotted over days after any symptom onset. Longitudinal samples from each individual patient measured by CEFA were connected by the solid (IgG, solid cirles) and dotted (IgM, solid triangles) lines measured by CEFA (c). Longitudinal samples from each individual patient measured by MIA were connected by the solid (total antibodies) line (d). Average line predicted by GEE method.

Longitudinal changes of normalized index value (log10 scale) measured by the CEFA assay (IgG and IgM) and the MIA method (total antibodies) were plotted in the 28 inpatients, including 18 patients on ventilators ([Fig. 3](#f0015){ref-type="fig"} a) and 10 patients not on ventilators ([Fig. 3](#f0015){ref-type="fig"}b). Overall the changing trend of antibody levels correlated well between the CEFA and MIA measurements. All patients on ventilators and 5 patients not on ventilators had a significant increase in antibody levels during their disease course. Among them, the IgG and total antibody levels in 10 patients reached to a plateau around day 15--20 post-symptom onset. IgM levels in 5 patients started declining 16 -- 21 days post-symptom onset. Three types of seroconversion were observed: synchronous seroconversion of IgG and IgM (17 patients), IgM seroconversion earlier than that of IgG (1 patient), and IgG seroconversion earlier than that of IgM (5 patients).Fig. 3Antibody kinetic changes of SARS2-CoV RT-PCR positive patients who were on ventilators (a) and not on ventilators (b). Dashed black line is the normalized index values of positive cutoff. ---□---CEFA IgG; ---ο--- CEFA IgM; ---Δ---MIA total antibodies.

Five patients, discharged less than 14 days after admission, did not have detectable antibody levels. Thus, it is unclear if these patients had sufficient time to develop an antibody response.

Further analysis suggests that changes in IgM, IgG and total antibody levels over time are not significantly different between the ventilator and non-ventilator groups in our dataset (p = 0.30 for IgM, p = 0.84 for IgG, p = 0.1 for total antibody).

3.4. Antibody levels in convalescent patients {#s0090}
---------------------------------------------

A total of 144 samples from convalescent patients who tested positive by SARS-CoV-2 RT-PCR or had COVID-19 exposure or symptoms were tested by both CEFA and MIA methods, which showed large variations of antibody levels in convalescent sera. The distribution of IgG index values and total antibody index values among 75 positive samples by both methods are shown in [Fig. 4](#f0020){ref-type="fig"} a and b, respectively.Fig. 4Distribution of positive antibody levels in convalescent serum measured by CEFA for IgG (log10 scale, 4a) and MIA for total antibody (4b).

4. Discussion {#s0095}
=============

This study sheds light on the performance and potential clinical utility of two SARS-CoV-2 antibody testing methodologies during the COVID-19 outbreak in New York City. It also serves as an important example of a collaborative effort between an academic clinical laboratory and state government agency.

Overall, both CEFA and MIA assays demonstrated excellent analytical performance in their independent validations as well as concordance in ED, inpatient and convalescent samples. While the result reporting differs between the two assays, where one detects IgM and IgG separately and the other targets total antibody, we found that the detection rate at any given time period post-symptom onset did not differ significantly, with both assays demonstrating sensitivities ≤ 25% when tested \< 7 days after symptoms began, reaching 100% \> 21 days after symptom onset. These results are consistent with previous studies [@b0085] evaluating recombinant immunofluorescence or chemiluminescent immunoassays [@b0090], [@b0095]. In contrast, RT-PCR testing demonstrates its highest level of sensitivity during the first week of symptoms, and then gradually declines in the next few weeks [@b0100], [@b0105]. We demonstrate that serological testing has limited diagnostic value in screening symptomatic patients during their first ED visit. As reporting of symptom onset in ED patients is subject to recall bias, a variation in time to antibody detection was observed, with most RT-PCR SARS-CoV-2 positive patients demonstrating detectable antibody levels 3--7 days post hospital admission. Therefore, if there is high clinical suspicion of COVID-19 in patients negative by RT-PCR, repeated or serial monitoring of serum antibodies may be helpful in confirming disease status and prudent to achieve optimal sensitivity in combination with RT-PCR.

Both methods demonstrated high specificity which is critical for evaluating hospitalized patients and understanding of the epidemiology. Neither CEFA nor MIA showed the cross-reactivity in the samples from other coronavirus infected patients. The limitation was the relatively small sample size due to the limited access, and future larger studies are warranted to further examine the assay cross-reactivity. In addition, while the CEFA and MIA assays exhibited overall excellent agreement with Kappa \> 0.81, a small proportion of samples disagreed. A possible explanation for the disagreement was the difference in the underlying principle of the assays. The antigens for the CEFA method is the S protein RBD and NP targeting IgM and IgG in separate assays. The antigen for the MIA method is the NP targeting total antibodies. Currently, it is unknown which assay is more correlated with protected role of antibody, which warrant future studies.

The kinetic change of antibody levels was consistent between the two methodologies. All mechanically ventilated patients displayed an increase in IgM and IgG levels during the course of their hospitalization. Three types of seroconversion were observed. Interesting, 74% patients in our study showed synchronous seroconversion, 5 showed IgG prior to IgM, whereas only 1 out of 23 patients had IgM seroconversion earlier than IgG. These patterns of seroconversion are similar to a previous report showing that the majority of patients (73.1%) had either synchronous seroconversion or IgG seroconversion earlier than IgM [@b0110]. However, due to the nature of this study, serum specimens of most patients could not be collected on a daily basis, at the later stages of illness or post-recovery. Therefore, a complete dynamic pattern of antibody levels could not be studied and thus, the full time course of the antibody response remains unknown in these patients. A more thorough investigation is needed to monitor the kinetic change of antibody levels over an extended period of time, including convalescence.

Prior studies reported most individuals infected with SARS-CoV-1 mounted an antibody response [@b0115], [@b0120], [@b0125] whereas MERS-CoV infected patients with mild or asymptomatic infections exhibited varied immune responses, which at times were undetectable by antibody assays [@b0130], [@b0135]. While there is growing data on the antibody response to SARS-CoV-2 infection [@b0090], [@b0140], [@b0145], the level and duration of the anti-SARS-CoV-2 antibodies in asymptomatic and mildly symptomatic COVID-19 patients is still uncertain. In the present dataset, all 18 patients in the mechanically ventilated group seroconverted. This is in contrast to 5 (CEFA) and 4 (MIA) out of 10 patients in the non-ventilated group who had undetectable IgM and IgG levels during their hospital stay. Four patients were discharged \< 10 days post-symptom onset and 1 patient had undetectable antibodies when discharged on day 13 after symptom onset. Thus, this retrospective study cannot provide additional data on these patients. However, the perceived suboptimal antibody responses is likely due to short hospitalizations resulting in the lack of specimen for analysis during the intermediate and late stages of the disease. More specimens from mildly ill patients will need to be collected for longer time periods in order to better understand patterns of SARS-CoV-2 immune response. This information is essential to discussions regarding reentry into the workforce by asymptomatic individuals post-infection.

It has been suggested that worse outcomes and increased disease severity with COVID-19 may correspond with increased SARS-CoV-2 IgG levels or a higher titer of SARS-CoV-2 antibodies, when compared to those with less severe disease [@b0100], [@b0150], [@b0155]. Although the current study found that the positivity rate of antibodies increased with time after symptom onset for both methods, there was no statistical difference in antibody levels based on ventilation status. Assay variation may explain the lack of correlation between antibody levels and severity of disease, as our methods currently are validated only for qualitative SARS-CoV-2 antibody analysis and its semi-quantitative use may not give the analytical resolution needed for such studies. Bias may also exist in that patients with milder symptoms did not present to the hospital and thus, there is no comparison between this missing cohort and the cohort of hospitalized patients which displayed more severe symptoms. Functional assays, such as neutralizing antibody assays, have been proposed to evaluate the efficacy of vaccinations and due to the complicated interplay between virus and the immunologic host response [@b0160], neutralizing antibody assays [@b0150] may be better suited for such correlation studies. Furthermore, this study did not extensively follow longitudinally patient antibody levels and consequently, the study was likely underpowered in its ability to see this secondary outcome measure. Additional independent large-cohort studies would be needed to further study these previously described findings.

Both the FDA and CDC stress the importance of serological testing for the detection of prior infection in asymptomatic individuals and those presenting late in illness as well as identifying individuals who have mounted an immune response to SARS-CoV-2 [@b0165], [@b0170]. Our data suggest that there is a wide range of antibody levels in convalescent serum. Of note, the distribution of antibody positivity in convalescent sera examined in this study cannot be used to determine antibody prevalence and levels in the general population, as these were random samples from patients recovered from COVID-19 and COVID-19-like illnesses. Cases have been reported that convalescent plasma therapy improved the clinical outcomes by neutralizing viremia in severe COVID-19 cases [@b0050], [@b0175]. Further studies are needed to investigate whether IgG or total antibody levels correlate with neutralizing antibody levels, thereby identifying potential therapeutic serum donors.

In summary, we performed a thorough analytical validation and clinical evaluation of two semi-quantitative SARS-CoV-2 immunoassays. Our results demonstrated the clinical utilities of serological testing in evaluating inpatients and convalescent patients. The sensitivity of the current immunoassays are not suitable for early-stage screening. Future studies are needed to investigate the immune response in asymptomatic and mildly ill patient population, and to understand the correlation between total antibody and neutralizing antibody levels.
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